Spin-dependent transport is investigated in a Ni/Ge/AlGaAs junction with an electrodeposited Ni contact. Spin-polarized electrons are excited by optical spin orientation and are subsequently used to measure the spin dependent conductance at the Ni/Ge Schottky interface. We demonstrate electron spin transport and electrical extraction from the Ge layer at room temperature.
A prerequisite for the utilization of spin in a semiconductor ͑SC͒ has been the efficient injection and subsequent detection of spin polarized carriers.
1 Ferromagnetic ͑FM͒ metal contacts on SCs have been studied extensively as spin detectors.
2-5 Nonequilibrium spin polarization in SCs has been realized by either spin injection from a FM contact 4, 6, 7 or optical spin orientation.
2, 3, 8, 9 The majority of spin transport investigations have concentrated on GaAs; only recently has significant progress been made toward the practical use of the spin degree of freedom in Si. 5, 6, 10 Furthermore, in the other most common group IV SC, Ge, which is an attractive candidate for next generation high mobility field effect transistors, efficient spin transport has not been demonstrated to date. Several studies of charge transport across FM/Ge Schottky barrier ͑SB͒ contacts have shown strong Fermi level pinning leading to a large SB height ͑SBH͒ ͑Ref. 11͒ and subsequently a large resistance-area ͑RA͒ product [12] [13] [14] which is undesirable for spintronic applications. 13, 15 Attention has, therefore, turned to engineering contacts with appropriate tunnel barriers ͑e.g., MgO, Al 2 O 3 ͒ or in the case of SBs to treating the Ge with ion implantation in order to achieve appropriate RA values. 13 The FM contacts used as spin injectors/detectors are primarily fabricated using molecular beam epitaxy ͑MBE͒ or sputtering. High quality FM/SC SB contacts can also be fabricated using electrodeposition techniques. 16 As a key industrial deposition method, electrodeposition is relatively simple and cost effective, 17 so establishing its use for the growth of FM contacts for spintronic devices is highly desirable.
In this paper, we demonstrate spin transport and subsequent detection of spin polarized currents in Ge at room temperature ͑RT͒ using SBs with reduced RA products formed on as-grown ͑untreated͒ Ge with electrodeposited FM contacts.
The measurements were performed on Ni/ Ge/ n-Al x Ga 1−x As/ GaAs/ p-Al x Ga 1−x As/ p-GaAs heterostructures ͑x = 0.1͒, with the AlGaAs n-i-p junction grown by MBE on a p-GaAs substrate ͑Be doped, p =1ϫ 10 18 cm −3 ͒ with a AuBe back Ohmic contact. 18 The n-type Al 0.1 Ga 0.9 As layer has a Si dopant density of 2 ϫ 10 18 cm −3 and was capped with As to prevent oxidation. The sample was then transferred to a second MBE chamber for the Ge growth. The As layer was first decapped at 460°C followed by growth of 10 nm of Ge at 300°C, 15 nm while ramping the temperature and 65 nm at 500°C. Native oxides on the Ge surface were removed by a 20:1 buffered HF dip for 30 s, followed by de-ionized water wash, prior to electrodeposition of 200 nm of polycrystalline Ni in a 928 m square pad. For electrodeposition, a Ni sulfate bath and a threeelectrode potentiostat system with a Pt counter electrode and a saturated calomel reference electrode were used. 19 In addition to the Ni/Ge contact, two further contacts were made to Ge and AlGaAs using indium, as shown schematically in Fig. 1͑a͒ .
The carrier density in the Ge layer was measured on a Hall bar structure ͑1400ϫ 80 m 2 ͒ made by etching the Ge film and using Ti/Au contacts. The Hall resistance ͑R xy ͒ measurement is shown in Fig. 2 ͑left inset͒ 20 giving a carrier density of 3.2ϫ 10 20 cm −3 at RT. The most probable cause of such a high carrier density is As diffusion into Ge forming n-type dopants. 21, 22 Figure 1͑b͒ shows the band diagram of the sample using a self-consistent one-dimensional ͑1D͒ Schrödinger-Poisson solver 23 and a SBH of 0.5 eV ͑see below͒. For SBs on Ge at high level of doping, field emission ͑FE͒, i.e., tunnelling, is expected to be the dominant transport mechanism. 13, 24 In ada͒ Electronic mail: tt217@cantab.net. dition, a depletion region width of ϳ1 -2 nm is obtained from the simulation of Fig. 1͑b͒ and also by a simple estimation in the depletion approximation, 24 in line with FE dominant transport. I-V measurements obtained from different contact combinations ͓Fig. 1͑a͔͒, in the temperature range 291-318 K are shown in Fig. 2 . The symmetry in the Ni/Ge/In I-V spectra implies a back-to-back SB with similar tunnelling probabilities forming at the Ni/Ge and In/Ge interfaces. The temperature dependence of the back-to-back diode is limited as expected in the FE regime, similar to data on Si back-to-back diodes. 16 The RA product across the Ni/Ge interface was estimated by measuring the junction resistance for Ni/Ge/In; this value would be an upper limit since it includes the resistance from the Ge channel and In/Ge interface. The exact area of current flow through the junction is difficult to determine accurately. Since the dimensions of the Ni contact are much larger than the thickness of the Ge channel, the current flow is dominated by a small distance from the edge of the contact which is approximately equal to the thickness of the Ge channel. 25 The obtained RA product is shown in Fig. 2 ͑right inset͒ having a weak temperature dependence further confirming FE controlled transport.
Extracting the SBH in the FE regime from I-V data in our back-to-back diode is problematic since it is not independent of the Richardson constant. 24 In our previous work, however, a SBH of 0.52 eV was routinely extracted from C-V measurements 24 on Ni/Ge diodes with doping concentration up to 3 ϫ 10 17 cm −3 and identical Ni electrodeposition conditions. 26, 27 Some interfacial GeO x affecting the SBH might be present. 28, 29 The Ni/Ge/AlGaAs/In I-V curve shows lower current in both bias directions. At high bias this is due to the series resistance of the AlGaAs, whereas at low bias the interface resistance of the Ge/AlGaAs is higher than that of the Ge/In interface. Although the band offset between Ge and AlGaAs is only about 0.2 eV, the larger depletion layer in AlGaAs prevents tunnelling in reverse bias and leads to a larger effective resistance.
Photoexcited spin polarized carriers can be generated via optical spin orientation in both the AlGaAs n-i-p and Ge layers, 30 and subsequently transported through Ge at the Ni/Ge interface. The polarization of the density of states of the FM gives rise to spin dependent tunnelling; the orientation of the photoexcited spin relative to the magnetization direction determines the tunnelling probability at the interface. We term this spin filtering.
2,9 All spin transport measurements were carried out at RT using laser photon energy of 1.96 eV, incident at 45°to the sample plane. When required, a field of 300 Oe was applied in-plane, which practically saturates the magnetization in the Ni film as seen in magneto-optic Kerr effect measurements of the hysteresis loop.
The laser spot ͑ϳ20 m͒ was focused directly onto the Ge layer, next to the Ni pad edge. This geometry avoids transmission of light through the FM contact in order to exclude magnetic circular dichroism ͑MCD͒, the difference in the absorption of left and right circularly polarized light in a FM, which could mask any spin dependent signal.
2,9 Photoexcited electrons can reach the FM contact while maintaining their spin polarization. 31 The photoexcited spin polarization is reversed by altering the light helicity from left to right circular using a photoelastic modulator. The corresponding photocurrent modulation, the helicity dependent photocurrent ͑HDPC͒, was obtained using a lock-in technique.
2 The HDPC is a direct measure of spin dependent transport at the Ni/Ge interface.
The HDPC for different contact combinations is shown in Fig. 3 . For the case where the laser is incident outside the Ni contact, directly on the Ge, the spin filtering signal is nonzero in a small forward bias window ͑Fig. 3 diamonds, squares͒. We obtained the same behavior indirectly in previous studies after separating the MCD contribution from the data.
2,9 By shining the light through the Ni, we obtained a HDPC which increases monotonically with forward bias. This is expected for significant MCD contribution; the MCD is bias independent and the resulting HDPC signal follows the bias dependence of the photocurrent. 9 For zero applied in-plane field, the corresponding reduced magnetization at remanence of the Ni film gives rise to a lower spin filtering current ͑Fig. 3 circles͒. As a reference measurement, no HDPC was observed without the Ni contact across the In/Ge/ AlGaAs/n-i-p/Ohmic junction ͑Fig. 3 triangles͒ under otherwise identical conditions. Furthermore, no signal was obtained for the Ni/Ge/In junction with the field applied and the laser off ͑Fig. 3 crosses͒. The fact that peaks in the HDPC signal are observed only when spin polarized carriers are injected ͑by the laser͒ and extracted through the FM contact is good evidence for spin preserving transport through the Ge layer and spin dependent transport across the Ge/Ni SB.
Tunnelling across the Ni/Ge SB is the dominant spin dependent transport process, 2, 9 and is maximized at the bias for which the HDPC peaks. At higher forward bias values thermionic emission is becoming more dominant and tunnelling vanishes at the flat band condition leading to a vanishing HDPC and spin dependent signal.
2, 9 The HDPC for the Ni/ Ge/AlGaAs n-i-p/Ohmic measurements peaks at a higher bias as compared to the Ni/Ge/In junction. The two peaks correspond to the same potential across the Ni/Ge interface but in the former case a higher applied bias across the whole structure is required because of the potential drop across the n-i-p and the Ge/AlGaAs junctions. At the forward bias where the spin filtering signal is maximum ͑ϳ0.1 V͒ we obtain an upper limit of RAϷ 6 ϫ 10 −5 ⍀ cm 2 . This value is lower than that previously reported for CoFeB/Ge contacts. 12 It also compares well with values obtained in Fe/ n-Ge diodes specifically engineered for spin transport by using ion implantation on the Ge surface prior to growth. 13 The absorption coefficient for Ge is ϳ2 ϫ 10 5 cm −1 ͑ = 632.8 nm at RT͒ ͑Ref. 32͒ resulting in 83% reduction in the intensity reaching the n-i-p structure. Since the laser spot of ϳ20 m was focused a few micrometers next to the Ni pad edge, there is a spatial photoexcited electron distribution in both Ge and AlGaAs. At the instant of photoexcitation, electrons have kinetic energies of 0.58-1.03 eV in Ge and 0.05-0.36 eV in AlGaAs obtained from direct transitions around the ⌫-point. They arrive at the Ni film in timescales up to ϳ20 ps, estimated by a simple ballistic transport model. The electron-lattice thermalization in Ge is ϳ5-7 ps between 77 and 300 K, 33, 34 and of the order of ϳ2 ps in GaAs at RT. 35, 36 A significant proportion of photoexcited electrons can therefore thermalize to energies below the SBH at the Ni/Ge interface and contribute to the spin filtering signal via tunnelling through the SB.
In summary, we have demonstrated spin dependent electron transport in Ge through a Ni/ Ge/ n-AlGaAs ͑001͒ structure. The Ni film, acting as the spin detector, was grown by electrodeposition, providing an experimental demonstration of the viability of using electrodeposited FM contacts for spintronic devices. We observed clear evidence of electron spin transport into and extraction from Ge at RT. The spin filtering signals are attributed to tunnelling of photoexcited electrons across the Ni/Ge SB. 
